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Membrane adhesion in peripheral myelin: good and bad wraps
with protein P0
Daniel A Kirschner1*, Hideyo Inouye1 and Raul A Saavedra2
Recent molecular models and crystallographic analysis
of the major protein of peripheral myelin have provided
new insights into the molecular basis of membrane
adhesion in myelin. These studies have proved useful in
understanding the molecular basis of clinical
phenotypes in certain demyelinating neuropathies. 
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Studies over the past one and a half decades have progres-
sively challenged the ‘textbook’ view of nerve myelin as
simply a ‘jelly-roll’ stack of membranes that functions only
as an insulator in nerve conduction between nodes of
Ranvier [1]. That myelin is, rather, a dynamic macromole-
cular structure is demonstrated by its variety of adhesive
junctional specializations (Fig. 1) [2,3]. Inherent in the
multilamellar stacking of the internodal myelin, however,
is the notion that there must be extensive adhesion
between the surfaces of these membranes: cytoplasmic
face to cytoplasmic face, and extracellular face to extracel-
lular face of the enveloping myelinating cell (oligoden-
droglia in the central nervous system [CNS] and Schwann
cell in the peripheral nervous system [PNS]). 
Analysis of the forces between membrane surfaces in
internodal myelin in combination with chemical data on
myelin composition and intermembrane spacings from
X-ray diffraction measurements on intact myelinated
nerves, were used to probe the physical/chemical basis of
membrane–membrane adhesion [4,5]. It was demonstrated
that the rather compact spacing of membranes in the
native structure occurs only within a narrow range of pH
and ionic strength (i.e. neutral to alkaline pH and physio-
logical ionic strength). This observation suggested that the
deprotonation of histidine residues may play a significant
role in the stability of the native structure. Furthermore,
plotting the myelin repeat period as a function of either
pH or ionic strength revealed reversible discontinuous
transitions in membrane packing, by contrast with the
smooth theoretical curves that were based on the balancing
of physical forces. Thus, the theoretical assumptions that
are valid for long-range forces between smooth surfaces
break down in the case of myelin when the membrane
separation is near the native spacing. Short-range interac-
tions in internodal myelin must, therefore, be due to the
specific molecular constituents, which include, in addition
to various specific lipids, proteolipid protein (PLP) and
myelin basic protein (MBP) in CNS myelin, and P0 glyco-
protein, MBP and P2 basic protein in PNS myelin.
The hypothesis that P0 glycoprotein is a transmembrane
protein which underlies interactions at both the cytoplas-
mic and extracellular appositions in PNS myelin originally
arose from X-ray diffraction studies on the shiverer mouse
mutant [6]. This mouse bears an extensive deletion in the
gene encoding MBP, and therefore cannot express func-
tional MBP mRNA or protein. In the CNS this mutation
results in a severe hypomyelinated phenotype, but in the
PNS the myelin appears normal. Because P2 is present in
very small quantities in shiverer PNS myelin, it was
apparent that P0 must be the major molecule determining
membrane spacing [7]. Further insight into the role of P0
was derived from the determination of its primary struc-
ture [8,9]. The amino acid sequence confirmed that the
protein had a single potential transmembrane sequence,
and suggested that its extracellular domain was similar to
an immunoglobulin domain [10]. A more detailed analysis
of myelin protein sequence data showed that the putative
extracellular domain of P0 and the VH domain of M603,
(the phosphocholine binding immunoglobulin of mouse),
had nearly superimposable b strand propensity curves
[11]. This led to the development of a molecular model
for the extracellular domain of P0 (P0-ED) [12]. The
model not only explained how this molecule would be ori-
ented between membrane surfaces, but also suggested
how the discontinuous transitions in myelin membrane
packing could be accounted for by different homotypic
interactions of apposed P0-ED molecules. The crucial
role of P0 in PNS myelin has been dramatically demon-
strated in P0 null mouse mutants, in which the gene 
disruption correlates with severe hypomyelination and
myelin degeneration [13,14].
In the September issue of Neuron, two articles were pub-
lished that will help to further our understanding of
internodal membrane adhesion in myelin of the PNS. The
article by Shapiro et al. [15] reports the X-ray crystallo-
graphic structure for P0-ED, and the accompanying article
by Warner et al. [16] attempts to correlate the effects of
mutations in the human myelin P0 (MPZ) gene with clini-
cal phenotypes in certain hereditary demyelinating
peripheral neuropathies. The crystallographic analysis [15]
largely supports our previous modeling of the three-
dimensional structure of P0-ED; however, the homophilic
interactions between P0-ED molecules, as proposed by
the two models, are somewhat different, but do lead to
testable hypotheses.
In the first article, P0-ED crystals were grown from con-
centrated protein solutions at pH 8 (within the pH range
at which the normal myelin period is observed [4]). The
crystal is highly symmetric, with the protomers of P0-ED
forming cyclic tetramers. The unit cell is body-centered
(space group I422), and has lattice constants of
a=b=88.9 Å, and c=91.6 Å. When the origin is at 422, 
the c axis runs along the fourfold axis, and twofold axes
run along the a and b directions. According to Shapiro 
et al. [15], there are three different molecular interfaces
between P0-ED molecules in the unit cell: between each
head-to-tail arranged pair of protomers within each cyclic
tetramer; at the twofold axis (normal to the fourfold axis)
between the sides of protomers from laterally-arranged,
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Figure 1
The complex structure of a myelinated fiber illustrates a variety of
adhesive contacts. (a) Internodal compact myelin (rabbit) from the
CNS (left) and PNS (right); the dense lines are the ‘major dense lines’
corresponding to the apposition of cytoplasmic surfaces, and the
single (left) or double (right) lines that are lighter are the ‘intraperiod
lines’, corresponding to the apposition of extracellular surfaces. Scale
bar = 500 Å. (b) Node of Ranvier from cross-sectioned PNS fiber
(mouse). The subaxolemmal density, the radially arranged nodal
processes, and the basal lamina are visible; scale bar = 5000 Å.
(c) Paranodal terminal loops with axoglial junctions from PNS (shark,
left; mouse, right). The periodic, dense transverse bands (arrow
heads), linking the myelin terminal loops with the axolemma are shown;
scale bar = 500 Å. (d) Radial component junctions (arrow heads) of
cross-sectioned CNS myelin (frog, left; mouse, middle); scale
bar = 500 Å. Right, highly magnified image of these junctional units in
human myelin, showing globular domains at cytoplasmic and
extracellular appositions, and fine filamentous arms within the bilayer
[2]. (e) Schmidt-Lanterman incisure from PNS myelin (lungfish) shows
arrayed islands of cytoplasm within the compact internodal myelin;
scale bar = 500 Å. (Figure reproduced from [3] with permission.)
apposed tetramers; and a twofold, head-to-head contact at
the apex of the molecule.
Many of the details of the crystallographic structure and
interpretation of the molecular packing confirm our earlier
model and predictions [11,12]: for example, the asymmet-
ric unit is a single molecule that is similar to the known
structure of the immunoglobulin variable region (Fig. 2);
the molecular interfaces occur within a narrow space (less
than 50Å wide); certain hydrophobic residues, including
Trp28 and Trp78, are exposed on the protein surface; 
the b sheets seem to extend from the presumptive mem-
brane surfaces rather than lie parallel to them; projecting
hydrophobic side chains at the apex of the protein could
interact with the apposed membrane bilayer; and the gly-
cosylation site at Asn93 is directed towards the mem-
brane-proximal base of P0-ED. 
The crystallographic structure of the P0-ED protomer is
likely to be accurate in terms of side-chain chirality in the
myelin, however, the proposed protomer orientation rela-
tive to the myelin membrane surface, and the relevance of
the protomer–protomer interactions of the crystal packing
to the P0-ED homophilic interactions in intact myelin are
presently unclear.
The crystallographic analysis proposes that there is a
tetrameric P0 network in the nerve myelin, where homo-
typic protein interactions between interleaving, or inter-
digitating cyclic tetramers and the interaction between
lipids and the tryptophans of individual protomers provide
the mechanism for membrane adhesion. This model gives
a similar protein to lipid stoichiometry (1:52) as derived
from myelin composition analysis (1:86 [5]). The model of
P0-ED, based on the crystal structure and packing, indi-
cates that the long axis of the immunoglobulin domain is
tilted by 45° with respect to the membrane surface
(Fig. 3a). In our analysis [12], based on the demonstration
of myelin structures having well defined intermembrane
spacings, we rejected a tilted orientation for the protomer
because it would require rather large conformational
and/or orientational adjustments to convert from one struc-
ture to another (e.g. from the native separation of 50Å to
the partially swollen one of 90Å, owing to changes in pH
and ionic strength, or the reverse change from swollen to
the native, during myelination [Fig. 3b]). Rather, we favor
an in vivo orientation with the long axis of P0-ED perpen-
dicular to the plane of the membrane surface. With such
an orientation, the normal ↔ swollen transitions can be
explained by the reciprocal sliding of apposed P0-ED mol-
ecules past one another, parallel to their long axes. More-
over, the perpendicular orientation is consistent with the
hypothesis that the initial self-recognition of apposed P0-
EDs would involve their end-to-end interaction, with the
two molecules extending across an ~90Å space. Such a
uniform, widened extracellular apposition is observed in
neonatal rat peripheral nerve before the intraperiod line
(extracellular apposition) and major dense line (cytoplas-
mic apposition) have formed (see Fig. 1a) [17,18].
Shapiro et al. [15] point out that the lipid headgroup-to-
headgroup distance, found by X-ray diffraction of intact
rat myelin, is in remarkable agreement with the projected
vertical distance between the Trp28 side chains of
apposed P0-EDs. However, the tryptophan interaction
would not be with the negatively charged phosphate
headgroups, but rather with the interface between the
hydrophobic interior and the headgroups of the lipid
bilayer. Measurements of bilayer dimensions indicate
that the distance between the hydrocarbon interfaces of
apposed myelin membranes is about 10 Å greater than
the interheadgroup space [3]. Thus, the proposal that
both the Trp28–bilayer interaction and the homophilic
protein–protein contacts of the tetramer uniquely specify
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Figure 2
Ribbon diagram of P0-ED based on the crystallographic structure of
Shapiro et al. [15]. The protein folding resembles that of an
immunoglobulin variable domain. The C terminus, which is disordered in
the crystal, extends further than shown by five residues. The b strands
(lettered A–G) correspond closely to those (numbered 1–10) predicted
by Wells et al. [12] (i.e. A, A′≈1; B ≈2; C ≈3; C′≈4; C′′ ≈5; D ≈6; E ≈7;
F ≈8; G ≈9,10). (Figure reproduced from [15] with permission.)
the intermembrane spacing is questionable. We suggest,
instead, that the 46 Å width across the layer of apposed
P0-ED molecules may be more consistent with the com-
pacted spacing that occurs in myelin at the isoelectric pH
under acidic conditions, when the headgroup-to-head-
group spacing reduces to 36 Å and the hydrocarbon inter-
faces would be about 46 Å apart [4,12].
Shapiro et al. [15] stated that the proposed network of P0
molecules is also consistent with ‘negative-stain [sic]
electron microscopic images’ which show a double line 
at the extracellular (intraperiod) apposition. It has been
shown, however, that there is substantial shrinkage (by
about 10 Å) at the extracellular apposition during tissue
processing for electron microscopy [19]. Moreover, analy-
sis of the PNS myelin structure during the successive
steps of processing demonstrates that the entire extracel-
lular space between membrane bilayers excludes stain
(both osmium and counterstains). It is the lipid head-
group layer rather than the protein which binds the stains.
On the extracellular side of the myelin membrane, the
osmium localizes on the inner half of the headgroup,
resulting in an apparently wider intermembrane space.
The region of low density between membranes at this
apposition is mostly due to the infiltrated plastic. Thus,
no quantitative correlation can be made between the 
proposed P0 network of tetramers and the electron micro-
scopic images of native myelin.
The role of the Asn93-linked oligosaccharide in the 
P0 structure is relegated to a fairly minor role in the crystal-
lographic model. This is based on findings by others that P0
expressed in bacteria and other non-neural cells, and there-
fore not modified with the naturally occurring carbohydrate,
still exhibits homophilic binding that leads to aggregation
between usually non-aggregating cells [20–23]. In none of
these cases, however, was it demonstrated that the mem-
brane separation was myelin-like (i.e. that the intermem-
brane separation would change in the same manner that it
does in PNS myelin in response to alterations in pH and
ionic strength). X-ray diffraction studies on the spacings
between paired membranes isolated from such non-neural
expression systems could address this question.
The minor role of P0-linked carbohydrate in the crystallo-
graphic model [15] contrasts with the results from experi-
ments in other aggregating cell systems where the
carbohydrate moiety plays a major role [24,25]. In our mol-
ecular model of P0-ED, the carbohydrate is sandwiched
between the base of the protein and the membrane surface
(Fig. 4) [12]. The carbohydrate is proposed to ensure an
appropriate orientation of the protein at the membrane
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Figure 3
Proposed orientations of P0-ED at the
membrane surface. (a) Interpretation of the
crystallographic data [15]. View of the
proposed tetramer of P0-ED molecules,
shown as Ca backbones, with the fourfold
axis vertical. The C termini (without their five
terminal residues) are at the base of the
molecule, near the membrane surface which
is perpendicular to the fourfold axis. The
Trp28 side chains at the apices of the
molecules are hypothesized to intercalate
with the apposed membrane surface. The
long axis of the individual molecule (protomer)
is tilted about 45° relative to the fourfold axis.
(Reproduced from [15] with permission.)
(b,c) P0-ED molecules, shown as space-filling
models, projecting from apposed membranes,
and oriented to account for the different
spacings at the extracellular apposition in
intact myelin [12]. The long axis of the
molecule is vertical, perpendicular to the
plane of the membrane surface represented
by the horizontal lines. (b) Packing in native
myelin showing lateral interactions between
P0-ED on left (from upper membrane) and
P0-ED on right (from lower membrane). (c)
Packing of P0-EDs in partially swollen myelin,
where the intermembrane separation is 90 Å.
The end-to-end homophilic interaction is
characterized by both hydrophobic
interactions, including Trp28, and
electrostatic complementarity, involving
Glu27 and Lys79. Transition between the
swollen and native states may occur by
reciprocal sliding of the P0-EDs from
apposed membranes past one another.
(Figure reproduced from [12] with
permission.)
surface, and also to provide potential sites for interaction
with neighboring and apposed P0-EDs.
Mutations in the human MPZ gene correlate with certain
hereditary motor and sensory demyelinating neuropathies,
including Charcot-Marie-Tooth polyneuropathy and Dejer-
ine-Sottas syndrome. Clinical symptoms, which involve
electrophysiological abnormalities, may derive from confor-
mational changes in the mature protein that has already
been incorporated into the membrane, altered homophilic
interactions, or disruption of the normal biosynthesis of the
nerve myelin by the mutated proteins. Based on our mol-
ecular modeling of P0-ED, we showed how amino acid
substitutions or deletions in human P0-ED, resulting from
mutations in the MPZ gene, could result in impaired P0
homophilic interactions [26]. Warner et al. [16] have now
confirmed this using the crystallographic structure [15].
Based on the crystal data, their interpretation regarding the
phenotypic effects of specific side-chain alterations in P0-
ED are quite plausible. However, their inferences about
affected homophilic interactions are much less certain
owing to the unknown protomer–protomer interactions in
internodal myelin. Nevertheless, this correlative analysis is
an extremely useful approach towards understanding the
molecular basis of the clinical phenotypes in such disorders. 
For example, we have noted that the mutations reported
to date are distributed throughout P0-ED with the excep-
tion of b strands 2, 7 and 10 (or designated B, E and G in
[15]). This suggests that mutations corresponding to these
sites are lethal, possibly early during development, and so
would not be seen in patients. Thus, in addition to its
structural roles in myelination and myelin membrane
adhesion, P0 may also be a cytogogue (i.e. it could direct
cellular functions [27]). Mutations in the P0 genome could
effect not only the structural roles of P0 but also its essen-
tial cellular roles.
We have recently tested the hypothesis that molecular
defects in P0-ED can be related to particular defects in
myelin wrapping [28]. High magnification electron micro-
graphs of internodal myelin in sural nerve biopsies from
affected patients compared to control myelin revealed dis-
tinguishable ultrastructural phenotypes having specific
abnormalities in the packing of the myelin membranes.
Effects included significantly widened or irregular packing
at the extracellular apposition (or at both the cytoplasmic
and extracellular appositions) or the appearance of focal
bridges across a widened extracellular space. Thus, it may
be possible to develop a rational correlation among myelin
ultrastructure, P0 molecular structure, and the proposed
homophilic interactions of this molecule.
Future perspectives
Our predicted molecular structure of P0 is consistent 
with the X-ray crystallographic result, but our predicted
homotypic interactions differ from the reported crystal
contacts. While the formation of tetramers appears to 
be energetically favorable, as shown by equilibrium ultra-
centrifugation experiments, there is as yet no evidence
that this assembly is actually present in nerve myelin.
This point might be further addressed by solution X-ray
scattering and diffuse scattering analysis. The crystals ana-
lyzed by Shapiro et al. [15] were grown under near physio-
logical conditions. What about other conditions where the
membrane interactions are altered in a predicted manner?
Crystals grown under different conditions may generate
different molecular packing arrangements that can be
related to known intermembrane packing differences in
myelin. The major strength of the crystallographic analysis
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Figure 4
Space-filling model of P0-ED. The domain is shown projecting from
one half of the lipid bilayer. In this view, the carbohydrate, which is
proposed to help stabilize this orientation of the molecule, is shown in
green at the base of the protein adjacent to the membrane surface.
The aromatic side chain of Trp28, in yellow, can be seen at the very
apex of the molecule. Negatively and positively charged amino acid
residues are indicated by blue and orange, respectively. (Figure
reproduced from [26] with permission.)
of P0-ED is the determination of the three-dimensional
structure of the homophilic domain [15]. The precise
arrangement of side chains will allow more rational model-
ing of P0-ED’s possible homophilic interactions as con-
strained by experimentally determined intermembrane
spacings of the myelin membranes in unfixed whole
nerves. Additional constraints may be derived from the
close examination of myelin membrane packing in
demyelinating and remyelinating nerves. Such constraints
might be deduced from electron microscopy of biopsy
materials [28] from the numerous cases of hereditary
demyelinating peripheral neuropathies recently published
[16]. Interspecies comparisons of P0 molecules are also
likely to reveal differences as well as similarities that can
be used to elucidate the complex adhesion interactions
that underlie the wrapping of myelin membranes.
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